Abstract-A new feeding concept for electrical transportation systems is presented, based on supercapacitive energy storage. Supercapacitors are new and powerful components for energy storage. Compared with batteries, the amount of energy they can store is low and does not allow a large vehicle autonomy. Because supercapacitors have the property to be re-loadable in a few seconds, a sequential supply system has been developed, considering repetitive feeding at the stops. To solve the problem of the needed high power amount to reach short refill times, a solution is proposed which consists of using an intermediary supercapacitive tank placed at fixed stations, which is refilled between the bus arrivals with a much lower power . In addition to the description of the needed power electronic converters, theoretical and experimental results are presented, defining the controlled profile of the instantaneous power-level, in order to achieve a fast energy transfer between two supercapacitive tanks.
INTRODUCTION
Electrical propulsion is today a highly popular and performing technique, allowing smooth and flexible driving, together with the benefits of robust and efficient electrical machines. One of the main arguments of electrical propulsion in cities is related to the near zero emissions of such vehicles, and also the very low acoustic noise level which is produced. Sustainable development strategies and energy saving policies will in the future reinforce the trend to use such solutions. In addition, power-reversible drive-trains bring evidently additional advantages, and have further consequences on the energy-economic balance of transportation companies.
A new concept for energy-feeding of electric buses or trains has been previously presented, based on the use of supercapacitive storage with periodic refilling [1] , [2] , [3] , and allowing the suppression of overhead lines [4] , [5] . Also called "train-tram" such a system can even be used as relaying system between two conventional powered systems based on catenary. Short distance shuttles can likewise be fed by identical concepts, as extensions of existing lines for peripheral zones. Historic city-centers are concerned, because of the not accepted overhead-lines due to aesthetic criteria, but also high-density towns with already installed aerial power distribution. Figure 1 shows a transportation supply system, based on both, normal supply-sections and also sections with limited autonomy and sequential supply. In that figure, the normal sections of the transportation line are equipped with classical diode rectifiers, fed through voltage adaptation transformers. For the proposed sequential feeders, more complex power-electronic interfacecircuits are represented, together with their energy storagetanks. Also for the powering of the vehicles, the on board energy-storage devices are represented, together with the propulsion converter and motor.
II. SEQUENTIAL SUPPLY
In the proposed future-oriented concept, a sequential transfer to the bus from an eventually existing distribution network occurs via intermediary storage-tanks placed at specific refill-stations. In this system, a low-power reload of the fixed supercapacitors is performed while busses are on the track. This refilling can be done with a relative long charging time equal to the time-interval between two busses. When arriving at the refill station, the bus is connected to it, and an supply operation occurs during the short stop-time of the vehicle, as an energy transfer impulse. When the refilling of the stations represents a low power solicitation of the primary distribution system, the transfer from the fixed or intermediary tank to the main storage tank inside the bus is characterized by a special, very high power profile, that must be currentcontrolled in order to keep the efficiency of such an energy exchange on an acceptable value.
The main interesting point is that the high magnitude power peak which is needed for loading energy into the bus is no more supported by the distribution power-network itself. As a result of the use of the sequential supply concept, the distribution network is sollicitated only by nearly the mean value of the needed power. In that sense, the powering of transportation vehicles can so be envisaged to be realized in the future by the means of decentralized generation, which dominant characteristic is to deliver a lower power magnitude without strong fluctuations. 
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III. UNIDIRECTIONAL AND REVERSIBLE FEEDERS
Related to the traditional supply system of bus transportation, Fig. 1 shows a diode rectifier, well-known for its unidirectional power-flow. Depending on this type of rectifier, breaking of vehicles is generally achieved by means of breaking resistors, often installed on board. More modern propulsion systems are using asynchronous motors fed by frequency-converter, and are so suitable for regenerative breaking. As a consequence and in order to realize future energy efficient transportation systems, the proposed feeders must be designed for bi-directional power-flow. In Fig. 2 , the idealized power profiles are given for a sequential-feeding of a vehicle, in the case of a positive power mean value. The amount of propulsion power P propulsion is illustrated, characterized by positive peaks for accelerations, and negative ones for breaking. Because of the mean consumption in this case is positive, the sequential-feeding pulses at the stops P transfer are of positive value. Also the power for reloading of the feeders P reload is of the same sign. In Fig. 3 , the vehicle is on a track with declivity, leading to a negative power mean-value. As a consequence, and because of the limited storage capacity in the bus, the feeders must eliminate the regenerative power by negative transfer pulses. Between the feeders and the primary network, the "reloadings" are of negative sign and become "unloadings".
In this paper, one of various solutions is presented, concerning the management of a fast energy transfer between supercapacitive tanks. First, the topology of the used powerconverters is given, together with their main properties. Secondly, the limitation conditions will be considered regarding the instantaneous power. A special power profile will be used, resulting from the current limitations in the input and output converters.
IV. THE POWER-ELECTRONIC INTERFACE CIRCUITS
The basic scheme for the transfer circuits of a complete feeding station is represented in Fig. 4 , including the reload circuits and also the complete propulsion equipment of the vehicle. The specific operating-conditions of the interconnected components define the nature and properties of the powerelectronic interface circuits. Beginning with the supplying primary network, a sinusoidal current-waveform is generally afforded, in order to limit harmonic distortion. In addition, reactive power should be avoided, especially when the shortcircuit capability is low. This leads to the use of a well known voltage-source inverter. Reversible power-flow is also included in the properties of this front-end circuit. For the interfacefunction between the two supercapacitive tanks, a coupling circuit is foreseen, based on an intermediary link. Fixed and mobile storage tanks are also represented, together with the interface circuits for the fast transfer. This power-electronic circuit is realized with the help of two inverter-legs that are interconnected on the same constant-voltage DC-link. In the scheme of Fig. 4 , the legs are realized as reversible set-up and step-down converters, comprising each two transistors and two free-wheeling diodes per leg. The connections between the capacitive tanks and the converter input and output are realized by the means of decoupling and smoothing inductors. The main advantages of this type of converter is that it allows an energytransfer in both possible situations of the voltage ratio between the fixed and the mobile capacitor tanks. This ratios, respectively >1 or <1 are corresponding to the beginning situation of the transfer, where the fixed-tank is full and the mobile-tank is empty, as well as to the final status of the transfer, where the mobile tank is full and the fixed tank is discharged. Additionally, the converter topology can achieve a non-discontinuous current as well in its input circuit as in its output circuit, where the two supercapacitive storage devices are connected.
V. THE PROFILE OF THE EXCHANGED POWER
For the energy-exchange between the two supercapacitive tanks, various profiles for the instantaneous power can be chosen, in dependency of the properties and efficiencies related to the involved components. At this point it is considered that firest the capacity of the mobile tank is determined by the energy requirements of the bus itself. Then, the profile of the transferred power amount can be modulated, with the goal of a short energy transfer, with significant consequences on the performance of the system. From another point of view, the economic aspects of the proposed development should be considered. Mainly because of the today high price of supercapacitors, the design of the fixed and mobile tanks must be done within the same investigation on the power profile. In that context, one possible power profile has been defined in a first investigation [1] , and will be presented here. It is called "Triangular Power Profile", because of the typical form of the amount of the transferred power in dependency of the time, rising at the beginning and afterwards decreasing. That typical form is given by the combination of the properties of discharging a source-capacitor, and charging a sink-capacitor. From the integration law of the capacitive components, a linear charging and discharging must be considered, under the condition of constant currents provided by the two silicon converter legs. The typical curves of such a triangular profile are given in Fig. 5 .
The left curve of Fig.5 shows the characteristic triangular form, where a "full triangle" is not used because of the limitation of the discharge by keeping the voltage of the capacitors above a lower limit value at the end of the discharge process. The upper curves of the left diagrams of Fig. 5 show the charging and discharging voltages of the fixed and mobile tanks. Here it can be easily seen that at the beginning of the transfer, the mobile capacitor (the receiver) has a low voltage, while the fixed one (the sender) is fully charged. From the lower curve of the picture, one can see that at the same moment the current of the mobile capacitor tank is kept constant at a maximum allowed limit. This limit is bound to the specification of the current capability of both the capacitors and the silicon devices of the corresponding converters. During the first half-time of the transfer, the receiver tank side is limiting the power, due to the product of its maximum current and its instantaneous (low) voltage. At that moment, this voltage is lower than the voltage of the sender tank. As a consequence, at the side of the sender tank, the discharge occurs with a lower current as its nominal value, due to the condition that the power must be equal at both sides, and its voltage is high. After the crossing of the two values of the voltages of the two capacitor tanks, the current in the fixed station must now be kept at its maximum value, while the receiver current must now decrease.
It is of course important to identify the time needed for that profile of power transfer, in order to be sure that the duration of the energy exchange is compatible with the duration of the stop-time of the vehicle at the refill station. The duration for the energy exchange under the conditions given by the triangular power profile is defined by the following equations:
In order to get some practical illustration and representative values of power amount and energy quantities, calculations have been done on the base of a real example of a bus in a city. Figure 6 is showing the concerned quantities for the case of a 5 km run in the city of Lausanne, Switzerland. In that picture, the propulsion power is shown, characterized by a the runs and stops. The current of the mobile supercapacitive tank follows a similar curve, but with the opposite sign. The superposed huge and positive values of this current illustrate the transfer-(refill-) impulses at several stops. The power needed for the reload of the fixed station after the bus leaves the stations is also given, and is characterized by its low level. Simulation results have been established on the base of the really recorded power-curve of the track, measured at the input of one bus.
The simulated power curves shown in Fig. 6 are established for 7 refilling stops. It must be remarked that there are more normal stops on the track than this 7 refilling stops. The placement of that ones have been chosen intuitively, according intermediary calculations that have shown sectors with strong discharges. The numerical integration of the bus power gives the needed energy for going from one re-filling stop to the next one. In that case, the maximum energy quantity that has to be stored in the bus is equal to 17MJ (4.72kW.h). With a discharge voltage ratio d of 70% [6] , the design of the storage tank will need 5926 supercapacitors on-board, each having a capacity of 1800 Farad. This important number leads to an acceptable tank weight of approximately 1,5 tons. Future developments of supercapacitors will give a more interesting energy density. Other choices can be made for different values of the voltage discharge ratio d, and for different number of re-filling stops.
From Fig. 6 , it can be shown that the fast-transfer power pulse reach a high value of nearly 1 Megawatt, simultaneously it can be observed that even the cumulated amount of power of the refill stations where the bus has gone through can be kept far under the level of the instantaneous power needed for traction.
The results of the optimisation of the number of refill-stops and of the size of the tanks are given in Table 1 , where the parameters d 2 and N s2 are respectively the voltage discharge ratio, and the associated number of the mobile supercapacitors for the number of re-filling stops that is considered. Then, we consider only the cases where the number of fixed supercapacitors can be minimized. That is obtained by the choice of d 1 =50% for all the cases. The results are also shown in Table 1 , where the parameters d 1 and N s1 are respectively the considered voltage discharge ratio, and the associated number of fixed supercapacitors, again for the number of re-filling stops that is considered.
This type of energy transfer leads to a strongly reduced total number of supercapacitors, compared to other solutions [6] . The most performing choice needs 9 loading stations, 12MJ of usable energy in one tank, with a 50% discharge voltage ratio, for both the fixed and the mobile tanks. However, the reduced number of components on-board and in the loading stations leads to a lower exchanged power. The result is an increase of the time for the energy exchange compared to other solutions. But this energy exchange duration is still compatible with the time allowed for a bus stop in a town. 
VI. DEDICATED CONTROL STRATEGY FOR THE TRIANGULAR POWER PROFILE
From the structural diagram given in Fig. 7 , the open-loop and closed-loop control circuits can be shown. At both sides of the transfer-converter, this means at the sender-side and at the receiver-side, the currents must be controlled individually with fast controllers, assuming a well defined value of the current in the power-semiconductor devices and also in the interconnected circuits. These two controllers are are indicated with "R_Isupplier" and "R_Ireceiver" in Fig. 7 .
At the level of the intermediary DC-circuit, corresponding to the classical capacitor placed between the two boost and buck circuits, the voltage must be stabilized on a constant value, and kept above the value of both the sender-tank value and also the receiver-tank voltage-value, "Vinter_ref" in Fig. 7 . For that purpose, a superposed DC-voltage controller is used, "R_Vinter". For the control of the power-flow from the fixed tank to the mobile tank, the set-values of the current controllers are influenced in order to get well adapted conditions at bot sides.
In normal conditions, and during the whole time where the voltage-value of the receiver tank is not at its maximum limitation, the current set-value of the controller at the receiverside is equal the output value of the voltage-limiting controller (R_V receiver ), placed at the top and right side of Fig. 7 . That specific value corresponds to the current-limiting quantity I ref_transfer_max given as an external parameter. At this moment, the voltage-limiting controller output is at its upper limit value because the maximum voltage value of the receiver is not reached.
At the side of the sender, the current set-value is defined in this situation by the output quantity of the voltage-controller for the intermediary circuit (R_V inter ), visible at the left side of the picture. During the transfer operation, a control and supervising module is evaluating if the supplier-side current reaches his upper limit, and if it occurs, the set-values of both current controllers are modified via two signal switching blocks. At the left side (supplier side), the set-value is switched to the constant value (upper limit of R_V receiver ), and the control influence for a constant DC voltage (R_ Vinter ) is transferred to the receiver-side, as an added value to the still existing reference. A G1 function takes account of the voltage-ratio between output and input tanks, and is used for presetting the current set-value at the left side. This preset enhances the dynamic behaviour of the DC-voltage-control, also against perturbations. Figure 8 gives an illustration of the experimental set-up used for the development and tests of the control strategy, and for first experimentation with the technique of the fast energy transfer. This power-electronic transfer-system has been integrated in the experimentation system of LEI using a smallscale train. The upper part of the picture shows the locomotive fed from its supercapacitors (mounted inside the body). The modified motor-and-gear are also visible on the picture, they have been redesigned in order to allow regenerative breaking, because the original solution was using a non-reversible screw-gear. Following the locomotive, a car is loaded with the dedicated converter for driving the motor in 4-quadrant mode, as well as a voltage stabilizing booster placed between the mobile supercapacitive tank and the propulsion circuit. The train has additionally a radio-control link allowing a wireless setting and monitoring of the quantities in the locomotive. The lower part of the picture shows the converter needed for the fast energy transfer between the fixed tank and the on-board tank.
VII. EXPERIMENTAL RESULTS OF THE TRIANGULAR POWER PROFILE
A hand-made galvanic connection is actually used between the vehicle and the transfer-station, and will be replaced in the future by an automated contactor.
The curves presented in Fig. 9 show a controlled energy transfer between two supercapacitive tanks of reduced size. On the upper curves, recorded with a maximum current set value of respectively 50 and 25 A, the current waveforms are shown. I SF is the current at the sender side (fixed tank), and I SE the current at the receiver side (mobile tank). It is clear that during the first half time the receiver current is at the limitation value. In opposition, the sender current is lower, it takes automatically a value that corresponds to the possible instantaneous power, as a result of the product of the current (limited) and the voltage of the receiver capacitor tank, divided by the still higher voltage of the sender. On the second line of the representation, the voltage-values of the supercapacitors are given. When the voltage of the sender-side is decreasing according the integration law of the tank, the voltage of the receiver tank is increasing according the same behaviour. The last lines correspond to the power profiles of the exchanged power. The difference in the power between both sides (480W and 320W by the curves with 50 A limitation, at the left side) is an illustration of the poor efficiency (0.66) of converters operated at low voltage in the model, mainly caused by the conduction losses in the silicon devices. Even if the voltage drop in the Power Mosfet transistors can be considered as minimum for the case of operation under 20 volts, the drop caused alone by the diodes is sufficient for the degradation of the efficiency. A comparison between the left and the right columns of Fig 9 gives an indication of the current-dependency of the transfer-efficiency.
VIII. THE RELATION TO THE EFFICIENCY
In the defined triangular profile of the transferred instantaneous power, the losses in the storage tanks can be evaluated, due to the dissipation in the internal resistors. It is clear that the losses or the efficiency for loading and unloading the supercapacitors are dependant on the current value [6] . An interesting alternative to the strategy of keeping the current as constant as allowed in the converter and in the supercapacitive tank is to consider an exchange with constant power [7] . First experimentations have been done on a theoretic base, setting in evidence the main properties of such a strategy.
The behavior of a supercapacitive component under constant power discharge is shown on Fig. 10 , where the trajectory of the current is represented, in dependency of the status of the capacitor voltage. Several operation conditions are represented, corresponding to different power levels. Another parameter is shown on the diagram, which is the calculated efficiency of the discharge under this specific condition, for a discharge from the maximum voltage value of a supercapacitor (typically 2.5V), to the minimum voltage value that can be reached under the condition of a discharge under a constant power. Further studies and experimentations are currently under way at LEI, also with operation at better efficiency conditions of the power converters, using better adapted technologies. Results will be presented soon.
IX. CONCLUSIONS
An innovative feeding concept called sequential supply and based on double-stage supercapacitive storage has been proposed for electrical buses in cities without use of an overhead line supply. Because of the limited power density of supercapacitors, repetitive refilling at stations has been described. In that sequential feeding, the energy transfer from a fixed refill-station to the on-board storage tank must be done with the help of controlled converters, and with specific powerprofiles. A power-electronic converter with intermediary circuit has been studied, with consideration on the power limiting conditions. As a result of this limitations, a so called Triangular Power Profile has been discussed. A specific control scheme has been used, assuming the well-defined current conditions in both the input and the output circuits. In addition, the stabilizing of the intermediary voltage is necessary, with the problematic of choosing the correct intervention-side for the control quantity issued from the corresponding DC-voltage controller.
Experimental results have been presented regarding the following of the adapted power-profile, and the corresponding currents in the sender and in the receiver storage-tank.
